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Background: Silica-based microspheres encapsulating aqueous glycerol are promising curing agents affording the
formation of better one-component polyurethane foams, namely thermoset polymers cured by atmospheric moisture
that are widely and increasingly utilized in the construction industry. The use of renewable, non toxic glycerol from
biodiesel and oleochemicals industry to cure PU foams in place of traditionally employed oil-derived mono and
diethylene glycols is both technically and environmentally beneficial. The higher amount of hydroxyl groups in
glycerol compared to both mono- and diethylene glycol results in considerably lower percentage of free monomeric
methylene diphenyl diisocyanate (MDI) and higher crosslinking density of the cured foam.
Results: We investigate by thermogravimetric analysis the nature and amount of the microencapsulated species in
sol–gel silica and organosilica microspheres encapsulating aqueous glycerol. Along with a percentage of glycerol
in weight up to 35%, the microspheres contain about 5 wt% water and 4 wt% entrapped surfactant.
Conclusions: The investigation shows the efficacy of the surfactant-assisted sol–gel microencapsulation aqueous
glycerol in silica as well as in methyl-silica particles at least until 10% degree of methylation. The results are relevant to
the practical development of functional materials that can be used to cure better and greener polyurethane foams
largely employed as coatings, adhesives and sealants in many industrial sectors.
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We have recently described in this Journal the promising
results of detailed testing of the GreenCaps in the
formation of greener one component polyurethane
foams (OCFs) under standard conditions [1]. Proposed
as potential new solid curing agents, the GreenCaps are
comprised of microporous silica-based microspheres
encapsulating aqueous glycerol [2]. Adding to their
environmental merit, the GreenCaps microparticles, in
addition, are made using biodegradable, non toxic sur-
factant sorbitan oleate (Span 80) derived from natural
products oleic acid and sorbitol [3].
Self-expanding OCFs cured by atmospheric moisture
[4] are increasingly used in the construction industry, as
sealants as well as adhesives to fix polystyrene and poly-
urethane panels to walls and insulate buildings. OCFs
are commercially available in pressurized cans at retail* Correspondence: mario.pagliaro@cnr.it
Istituto per lo Studio dei Materiali Nanostrutturati, CNR, via U. La Malfa 153,
90146 Palermo, PA, Italy
© 2014 Ciriminna et al.; licensee Springer. Th
Commons Attribution License (http://creative
reproduction in any medium, provided the o
Dedication waiver (http://creativecommons.o
unless otherwise stated.locations. Global production in 2014 rate exceeded 500
million units, growing at 4% yearly rate [5].
In general, the pressurized can comprises methylene
diphenyl diisocyanate (MDI) along with a polyol blend
added in the required amount for optimal “curing” up to
the state in which no free isocyanate (−NCO) groups
are present in the thermoset final polymer. MDI is toxic
and after application uncured isocyanates can cause eye
and lung irritation, and chemical sensitization when
absorbed through the skin [6]. It is therefore an important
safety issue of the global PU industry that all isocyanate
groups be fully reacted or “cured” so as to prevent health
and safety hazard [7].
The use of glycerol as component of the polyol blend
(the Component A at OCF producers) to cure PU foams
in place of oil-derived polyols is rapidly increasing [8,9],
as its historically high price dropped following large
overproduction as by-product from the biodiesel and
oleochemicals manufacturing [10]. The higher amount
of hydroxyl groups in the glycerol molecule (comparedis is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
riginal work is properly credited. The Creative Commons Public Domain
rg/publicdomain/zero/1.0/) applies to the data made available in this article,
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centage of free monomeric MDI and higher crosslinking
of the cured foam, which in its turn results in less curing
shrinkage and less outflow of the sprayed material. Per-
haps not surprisingly, PU foams made from 100% crude
glycerol-based polyols biodegrade at faster rate than PU
foams obtained from petroleum-based polyols [11].
We now report a detailed TGA/DSC analysis of these
materials whose outcomes point to a number of findings
of relevant practical value in the route towards commer-
cialization of greener PU cans using the GreenCaps as
solid curing agents.Experimental
Reagents
Glycerol, tetraethylorthosilicate (TEOS), methyltriethox-
ysilane (MTEOS), n-hexane, decalin (decahydronaphtha-
lene mixture of cis + trans isomers), 37 wt% hydrochloric
acid (HCl) and sorbitane monooleate (Span 80) were
purchased by Sigma Aldrich. All chemicals were used as
received, without further purification.Materials synthesis
The micron-sized silica and organosilica microspheres
were synthesized via sol–gel hydrolytic polycondensation
of TEOS and MTEOS carried out in the droplets of a
water-in-oil (W/O) microemulsion containing emulsified
aqueous glycerol. Solvent n-hexane or decalin were
employed as continuous organic phase, and non ionic
Span 80 (sorbitan monooleate) as surfactant.
We have already described elsewhere [1] the prepar-
ation of the SiO2 spheres (GC7), and of the 5% methyl-
modified silica microparticles (CG8). In the following we
describe the synthesis of the 10% methylated microspheres
(CG14). Furthermore, a blank material (CGB) made of
SiO2 spheres without glycerol was prepared following
the procedure used for sample CG7. The main parame-
ters of the studied materials are summarized in Table 1.
In order to maximize the silane hydrolysis and subse-
quent condensation of hydrolysed silanes, for all samples
the molar ratio r =H2O:Si between water and the hydro-
lysable –OEt groups was set at r = 12.Table 1 Degree of alkylation and initial amount of
glycerol used in the preparation of the silica and
methylsilica microspheres investigateda





aFrom a W/O microemulsion comprising TEOS or TEOS +MTEOS precursors
with Span80 as surfactant and decalin as oil phase.In detail, the CG14 sample was synthesized starting
from a W/O microemulsion comprising glycerol (5 g) dis-
solved in water (30 mL), dispersed in a mixture of Span 80
in decalin previously obtained by fast stirring the surfac-
tant in the oil phase at 9,500 rpm with an Ultra-Turrax
T-25 with S 25 KR-18G dispersing tool (IKA).
A mixture of MTEOS (10% in molar terms) and TEOS
(90% in molar terms) previously hydrolysed at pH = 3
(with HCl 0.05 N) was added dropwise to the aqueous
glycerol emulsion under constant stirring with an over-
head rotor at 300 rpm. After addition of the alkoxides
was complete, the mixture was stirred at 25°C for 1 h rising
the overhead rotor speed at 530 rpm. The temperature was
then increased stepwise, first to 75°C and then to 100°C
keeping the mixture each time at the newly set temperature
for 1 h. The precipitate thereby obtained was filtered
through a glass filter, washed extensively with decalin
and mildly dried in an oven at 50°C. A pale yellow powder
was eventually isolated.
Materials analysis
The thermogravimetric analysis was performed on a
Mettler Toledo TGA/DSC1, under nitrogen using the
following heating profile: step 1 (25°C - 100°C at 10°C/min);
step 2 (100°C for 30 min); step 3 (100°C - 400°C at 5°C/
min); step (400°C - 1100°C at 10°C/min). The plateau at
100°C was applied to ensure complete removal of water.
Results and discussion
Figure 1 shows that the 10%-methyl modified CG14
microspheres obtained from prehydrolysed TEOS+MTEOS
mixtures are spherical and well isolated, with a size around
60 μm (Figure 1). We remind here that the low HLBFigure 1 SEM photograph of 10% methyl-modified silica
(CG14) microparticles.
Figure 2 Chemical structures of Sorbitan oleate (Span 80).
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surfactant sorbitan oleate (Figure 2, HLB = 4.3) [12]
facilitates the formation of the hydrophilic droplets
and the production of spherical particles [13].
The SEM photograph of CG14 material in Figure 1
shows that non-spherical aggregates are formed upon
the mild drying step of the sol–gel precipitate. Besides a
few broken microspheres, the larger particles are com-
prised of aggregated microspheres. Such aggregation is
avoided in industrial applications of sol–gel microparti-
cles by leaving the as-formed microspheres suspended
in aqueous or in organic solvent. This is the case, for
instance, of the Eusolex-UV microcapsules that are
delivered by Merck to customer cosmetic companies as
a suspension of silica microparticles in water [14].
The nature and amount of the microencapsulated
species was assessed from dynamic thermogravimetric
analysis (TGA) and differential thermal analysis (DTA).
Experiments were carried out under N2 atmosphere using0 200 400
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Figure 3 TGA/DSC of CGB microparticles.both doped and blank microparticles, as well as pure gly-
cerol, decalin and Span 80.
Figure 3 shows the TGA/DSC profiles of SiO2 micro-
spheres (blank, CGB).
Figures 4, 5 and 6 display, respectively, the TGA/DSC
profile of SiO2 (CG7), 5%-methyl modified silica (CG8)
and 10%-methyl modified silica (CG14) microparticles
doped with aqueous glycerol.
Finally, the TGA/DSC profiles of pure glycerol, decalin
and surfactant Span 80 are displayed in Figures 7, 8 and 9.
In the blank sample CGB (Figure 3), the first weight
loss due to water evaporation (−8.5%) is followed by a
similar weight loss peak for decalin at 185°C. Eventually,
at 507°C also the entrapped surfactant molecules are
released (−3.8%) and thermally decompose.
In the case of samples encapsulating glycerol, again
the first weight loss is due to water evaporation followed
by a midpoint around 210°C. Said weight losses occur-
ring at T < 250°C correspond to endothermic processes.
The endothermic peak centered at around 200°C (see
lower panel in Figures 4, 5 and 6) is similar in shape and
intensity for all glycerol-containing samples, confirming
that the corresponding weight loss is in each case associ-
ated to evolving glycerol.
Comparison with the TGA profile of pure glycerol
(Figure 7) shows that microencapsulated glycerol evolves
at 20°C lower temperature, which is in agreement with
the dispersion of tightly hydrogen-bonded glycerol mole-
cules adsorbed at the silica and organosilica surface.
A consistent efficacy in the encapsulation of the hydro-
philic glycerol molecules within the inner porosity in either














































Figure 4 TGA/DSC of CG7 microparticles.
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cerol varies between 33 wt% for SiO2 (CG7) and 35 wt% for
5%-methylsilica (CG8) microparticles. This outcome con-
firms that glycerol is encapsulated within the large inner
porosity and not adsorbed at the external surface (in the
latter case, indeed, the amount of liberated glycerol
would be below 3–5 wt%).
The TGA profile of the CG14 microspheres (Figure 6)
shows that now 11 wt% of the resulting microspheres is
comprised of glycerol. For this material, however, only 5 g
of glycerol were used in the microencapsulation process in










































Figure 5 TGA/DSC of CG8 microparticles.CG7 and CG8 samples. This outcome, even though two
points only do not allow to derive a general correlation,
seems to suggest a linear variation in the fraction of glycerol
entrapped vs glycerol in solution. We remind here that,
even though the polarity of ORMOSIL cages diminishes
linearly with the amount of organotrialkoxysilane precursor
MeSi(OEt)3 co-condensed with TEOS [15], the porosity of
methyl-modified ORMOSIL shows the most polar micro-
environment compared to any other organotrialkoxysilanes
R-Si(OEt)3 co-condensed with TEOS [16].
The TGA profiles of all microencapsulated glycerol










































Figure 6 TGA/DSC of CG14 microparticles.
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constant 4% in weight of the microparticles being
made of Span 80. The latter surfactant is highly sol-
uble in decalin. Yet, prolonged washing of the as-
obtained microparticles with decalin is not capable to
eliminate all the surfactant, showing that the residual
surfactant is tightly entrapped within the inner poros-
ity of the silica-based microspheres.
Finally, all samples show 40-45 wt% residual inorganic
content made of non porous SiO2 formed upon conden-
sation of virtually all Si-OH at the surface (with water






































Figure 7 TGA/DSC of glycerol.A similar behavior – namely a first significant weight loss
due to water evaporation was followed by another signifi-
cant weight loss peak for glycerol – was observed by Galgali
and co-workers in the thermogravimetric analysis of core-
shell microcapsules encapsulating aqueous glycerol in a
thin layer of SiO2 [17]. In the latter case, the core content
of the microcapsules was 25 wt% of water, 50 wt% glycerol
and 25 wt% residual inorganic content.
In the present case of full silica and organosilica micro-
spheres, the residual inorganic content of silica is around
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Figure 8 TGA/DSC of decalin.
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The results of the thermogravimetric investigation of
the new solid curing agents for polyurethane foams
termed GreenCaps complement previous recent
work1,2 showing the large potential of organosilica
microspheres encapsulating aqueous glycerol as solid
curing agents. The TGA/DSC analyses presented in this
account confirm the efficacy of glycerol sol–gel microen-
capsulation in SiO2 as well as in methylsilica particles until
10% degree of methylation. Typically, along with a 35 wt%
of glycerol, the microspheres contain ca. 5 wt% encapsu-






































Figure 9 TGA/DSC of Span 80.The residual inorganic content of silica of the GreenCaps
is around 40 wt%, namely almost twice higher compared to
core/shell SiO2 microcapsules encapsulating glycerol de-
scribed by Galgali and co-workers.16 From the practical
viewpoint of application of the GreenCaps in pressurized
cans where stability for at least 12 months at room
temperature is compulsory, the higher mechanical strenght
of full microspheres compared to core-shell microcapsules
is crucially relevant. All these findings are of relevant value
in the development of silica-based porous microparticles
encapsulating polyols and related species as solid curing
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